Oxidative stress is implicated in the cognitive deterioration associated with normal aging as well as neurodegenerative disorders such as Alzheimer's and Parkinson's diseases. We investigated the effect of ascorbic acid (vitamin C) on oxidative stress, cognition and motor abilities in mice null for gulono-γ-lactone oxidase (Gulo). Gulo−/− mice are unable to synthesize ascorbic acid and depend on dietary ascorbic acid for survival. Gulo−/− mice were given supplements that provided them either with ascorbic acid levels equal to-or slightly higher than wild-type mice (Gulosufficient), or with lower-than-physiological levels (Gulo-low) that were just enough to prevent scurvy. Ascorbic acid is a major antioxidant in mice and any reduction in ascorbic acid level is therefore likely to result in increased oxidative stress. Ascorbic acid levels in the brain and liver were higher in Gulo-sufficient mice than in Gulo-low mice. F 4 -neuroprostanes were elevated in cortex and cerebellum in Gulo-low mice and in the cortex of Gulo-sufficient mice. All Gulo−/− mice were cognitively normal but had a strength and agility deficit that was worse in Gulo-low mice. This suggests that low levels of ascorbic acid and elevated oxidative stress as measured by F 4 -neuroprostanes alone are insufficient to impair memory in the knockouts but may be responsible for the exacerbated motor deficits in Gulo-low mice, and that ascorbic acid may have a vital role in maintaining motor abilities.
Introduction
Oxidative stress arises from an imbalance between the production of free radicals and physiological antioxidant capability (Andersen, 2004) , and has been implicated in the cognitive impairments associated with normal aging and disorders such as Alzheimer's disease, frontotemporal dementia, and HIV-related dementia (Andersen, 2004; Pratico, 2002 ; Munoz et al. 2006) . The relationship among antioxidants, oxidative stress, and cognition has been explored in humans , Engelhart et al., 2002 , Luchsinger et al., 2003 ) and mouse models (Tchantchou et al., 2005) , but is not yet fully understood. Antioxidants such as ascorbic acid (Vitamin C) attenuate the amnestic effects of age, lesion, and the muscarinic receptor antagonist scopolamine in mice (Arzi et al. 2004 ; Parle and Dhingra, 2003; DeAngelis & Furlan, 1995) . The noötropic effects of ascorbic acid may be directly related to its antioxidant properties, but it may also affect cognitive function by altering neurotransmission, neuromodulation, or second messenger signaling (Subramanian, 1977; Coffey & Hadden, 1985; Debler et al., 1991; Rice et al., 2002) . For example, ascorbic acid has been shown to affect the number and binding affinity of cholinergic receptors in vitro, and induce changes in acetylcholinesterase levels in vivo (Ghosh et al., 1993; Dhingra et al. 2006 ; Knaack & Podleski, 1985; Knaack et al. 1986 ).
Unlike humans and other primates, rodents are able to synthesize ascorbic acid from glucose in situ. Because of this, studies of ascorbic acid deficiency in mice have been difficult to conduct. Recently, a mouse line has been generated with a targeted deletion of the gene that codes for the enzyme L-gulono-γ-lactone oxidase (Gulo; EC 1.1.3.8), which catalyzes the final step of ascorbic acid biosynthesis (Maeda et al. 2000) . Gulo−/− mice are unable to synthesize ascorbic acid, and without dietary ascorbic acid supplements become scorbutic, lose weight, and eventually die. Ascorbic acid deficiency in Gulo−/− mice also leads to decreased plasma antioxidant capability, suggesting that these animals may be susceptible to increased levels of oxidative stress in the brain. The present study was designed specifically to address this question. Gulo−/− mice were supplemented with ascorbic acid in their drinking water, either at a concentration sufficient to produce wild-type organ ascorbic acid levels, or at a low concentration that was just enough to prevent scurvy. To determine whether increased oxidative stress in these mice would affect learning and memory, a battery of cognitive and sensorimotor tasks was conducted. The sensorimotor tasks served as direct measures of motor ability and also as control tasks to ascertain whether there were any differences between groups that could influence interpretation of data from the tests of learning and memory. Following behavioral testing, ascorbic acid levels were measured in the cortex, hippocampus, cerebellum, striatum and liver. Oxidative stress in the brain was measured by quantification of F 4 -neuroprostanes, a brain-specific marker of lipid peroxidation (Montuschi et al., 2007) . We predicted that Gulo−/− mice receiving low levels of ascorbic acid would show increased oxidative stress in the brain and poorer cognitive functioning.
Materials and Methods

Animals
Gulo−/− mice were bred in-house from heterozygous Gulo+/− mice obtained from Mutant Mouse Regional Resource Centers (www.mmrrc.org, stock # 000015-UCD) and were maintained on a C57BL/6J background (Jackson laboratories, Bar Harbor, ME, USA stock #000664). Gulo−/− mice were mated to obtain litters of Gulo−/− mice for the present study. Wild-type Gulo+/+ (C57BL/6J) mice were used as controls for physiological ascorbic acid and oxidative stress levels. Approximately equal numbers of male and female mice were used in each experimental group in the present study.
Animals were housed by genotype in tub cages containing two-to-five mice per cage in a temperature-and humidity-controlled vivarium in the same suite of rooms in which the behavioral testing was conducted. Mice were kept on a 12:12-hour light:dark cycle with lights on at 6 am. Mice had free access to food and water for the duration of the experiment. All procedures were approved by the Vanderbilt University Institutional Animal Care and Use Committee and were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Ascorbic acid treatments
Gulo−/− mice require dietary supplements of ascorbic acid to maintain levels of ascorbic acid high enough to prevent scurvy. Data from previous studies with these mice (Maeda et al. 2000 , Parsons et al. 2006 ) suggest that supplements of 0.33 g/l of drinking water provide enough ascorbic acid to maintain weight and health in these mice. A low level supplement was chosen following pilot testing in our lab designed to provide a level of ascorbic acid that was very low but did not result in scurvy. The mice were monitored carefully for any changes in weight and checked daily for other signs of sickness that could indicate the onset of scurvy (hunched posture, severe lassitude, hair changes). Therefore, drinking water was supplemented with either 0.33 g/l (sufficient) or 0.033 g/l (low) ascorbic acid. Treatments were given in deionized water with 20 µl 0.5 M EDTA/l to increase the stability of the ascorbic acid in solution. Water bottles were filled with fresh ascorbic acid-supplemented water twice each week. Breeding pairs, and all mice up to 6 weeks of age, were maintained on the sufficient treatment level. Mouse chow (Purina #5001) was available ad libitum throughout the course of the experiment and contained a very small amount of ascorbic acid (100 mg/kg diet). At 6 weeks of age mice were randomly assigned to treatment groups and some of the Gulo−/− mice were switched to the low concentration of ascorbic acid supplementation for the remainder of the study. Wild-type controls received deionized water with no additional ascorbic acid so we could determine whether brain ascorbic acid and other factors reached normal levels in the Gulo-sufficient group. Group composition was as follows: Gulo-sufficient 6 male, 7 female; Gulo-low 9 male, 12 female; wild-type control 16 male, 7 female.
Neurochemistry-Mice were briefly anaesthetized with isoflurane and killed by decapitation. The brain was quickly removed from the skull and divided in half at the midline. Hemispheres were carefully dissected and the hippocampus, striatum, cerebellum and frontal and medial cortex removed as previously described (McDonald et al., , 1998a . Samples of liver were also taken and all dissected tissue was frozen in liquid nitrogen and stored at −80° C until needed.
Ascorbic acid: Ascorbic acid measurements were made in cerebellum, hippocampus, striatum, frontal cortex and liver. The liver is the site of ascorbic acid synthesis in the mouse and as such is an organ that should reflect a large change in ascorbic acid levels in Gulo−/− mice that do not receive adequate supplementation. Concentrations were measured by ion pair HPLC (Pachla & Kissinger, 1979) and electrochemical detection as previously described (May et al. 1998) , except that tetrapentyl ammonium bromide was used as the ion pair reagent. Tissue ascorbic acid was extracted as follows. Tissue samples were weighed and wet tissue was homogenized in a 1.5 ml microfuge tube with a combination of two solutions, 25% (w/v) aqueous metaphosphoric acid and 100 mM sodium phosphate buffer containing 5 mM EDTA (pH 8.0), mixed together in a ratio of 2:7. A total of 10 µl of buffer solutions was used for each mg of tissue. The samples were then centrifuged at 13,600 g for 4 min at 3° C, and aliquots of the clear supernatant were taken for assay of ascorbic acid as described above following appropriate dilution with HPLC mobile phase.
Lipid peroxidation: Neuroprostanes were assessed to monitor brain lipid peroxidation. Neuroprostanes are F-ring isoprostane-like compounds derived from non-enzymatic peroxidation of docosahexaenoic acid that have been shown to be excellent markers of brain oxidant stress (Roberts et al. 1998 ). Neuroprostane levels were measured in tissue from the medial cortex from 23 animals with a minimum of 6 animals per group, and in cerebellum in 12 animals with 4 per group, using methods previously described by Roberts et al. (1998 
Behavioral Procedures
Behavioral testing schedule-Body weights were recorded at 6, 10, 14 and 18 weeks of age. Four locomotor activity sessions were conducted on two consecutive days at 6 and at 10 weeks of age. Further behavioral testing took place between 10 and 18 weeks of age. The sensorimotor tests for gait, horizontal beam, and rotarod were conducted on separate days at 11 weeks of age, followed by the elevated plus maze test for anxiety the following week. Cognitive function tests were conducted beginning at 14 weeks of age with a single Y-maze trial conducted the day before commencement of water maze testing. The inverted screen task for grip strength was run after the water maze. Mice were sacrificed at 18 weeks of age following the conclusion of behavioral testing, and tissues were collected and stored for later analysis as described above. Behavioral testing and sacrifice of mice were conducted between 12:00 and 17:00.
Sensorimotor function
Gait: Gait was measured by coating the hind paws of each mouse with non-toxic black ink (Carters Brand Neat-Flo Inker for Felt/Foam Stamp Pads; Hill et al. 2004) . Each mouse received a single trial in which it was placed at the beginning of a 40 × 10 cm runway and permitted to run freely to the end. The middle toe print was used for gait measurement, recorded as the mean distance (cm) of three consecutive right hind paw prints.
Horizontal beam:
Balance was assessed using a horizontal beam task (Hill et al. 2004 ). The apparatus consisted of a cloth-wrapped rod (diam. 1.0 cm, length 33 cm) suspended horizontally, 45 cm from the bench top between two platforms. At the beginning of each trial the mouse was placed in the centre of the apparatus so that the rod passed between front and back legs. Each trial was scored as follows by an experienced observer: 0 = the mouse moved to either platform within 30 s; 0.5 = the mouse moved to either platform within 60 s; 1 = the mouse moved from the centre third into either the left or the right third but did not climb onto the platform; 2 = the mouse moved from original position on the rod but did not leave the centre third; 4 = the mouse fell from rod. Mice received three trials in a single session, with an intertrial interval (ITI) of 60 s.
Inverted Screen: Grip strength was assessed using an inverted screen apparatus, as previously described (McDonald et al. 2001; Lijam et al. 1997 ). The mouse was placed onto an area of wire mesh measuring approximately 15 × 15 cm. The apparatus was slowly inverted such that the mouse hung upside down beneath the wire mesh, approximately 60 cm above a tub cage containing soft bedding material. Each mouse received three identical trials with an ITI of approximately 2 min. Latency to fall was recorded on each trial with a maximum of 300 s. The mean latency to fall was calculated for each mouse.
Rotarod:
Motor coordination and balance were tested using a commercially-available accelerating rotarod (Ugo Basile model 7650, Stoelting Co., Wood Dale, IL), as previously described (Hill et al. 2004; McDonald et al. 2001 ). The rotarod began at 4 rotations per minute (rpm) and accelerated to 40 rpm at a smooth rate across the course of the 300-s trial. Mice were placed on the rod while it was rotating slowly at 4 rpm. The time taken for the mouse to fall from the rotating rod was recorded with a maximal trial duration of 300 s. Occasionally mice clung to the rod and the whole animal rotated along with it. This behavior was classified as a "rotation," and the time at which this occurred for the first time on each trial was also recorded for each mouse. Thus the rotarod score was defined as latency to fall or to the first rotation, whichever occurred first. Three sessions were conducted on consecutive days, with three trials per session.
Cognition
Exploratory locomotor activity: Locomotor activity was assessed in commerciallyavailable activity monitors (ENV-510; MED Associates, Georgia, VT), as previously described (McDonald et al. 1998b; Siesser et al. 2005 Siesser et al. , 2006 . Activity was automatically recorded by the breaking of infrared beams as the mouse explored the chamber, and analyzed using a Windows-based computer. Each session lasted 10 min, and the chambers were cleaned with a 10% alcohol solution between each mouse. Four activity sessions were conducted to assess memory for the testing environment, and each mouse was put in the same activity monitor on every trial. Two sessions were conducted on two consecutive days when mice were six weeks old, followed by two sessions on consecutive days at ten weeks of age.
Implicit memory can be measured by comparing performance between sequential test sessions using methods modified from the original work on memory savings by Ebbinghaus (1885). Memory savings for context and procedure, sometimes referred to as cognitive savings, have previously been measured in operant response chambers between trials conducted within a single day (Delcasso et al. 2007) , and also in a radial arm water maze task to compare test sessions that were conducted several weeks apart (Austin et al. 2003) . In the present study, the change in activity over time (habituation) was used to infer memory of the environment. Typically, activity will decrease from one test session to the next until a baseline level of activity is reached. Initial day-to-day habituation was measured by taking the difference in distance (d) traveled on sessions one and two as a percentage of the initial session activity level [100
. Using this formula the change in activity across test session can be compared between groups regardless of initial activity levels. Memory savings between the second and third test sessions, which were conducted four weeks apart, were calculated in the following way:
]. An increase in activity between the second and third sessions indicates a 'loss' of the initial habituation and is reflected in a savings score of <100%. Inversely, equivalent or reduced activity on the third session (savings score of ≥100%) indicates that all of the habituation processes have been 'saved' and the habituation process is either continuing or baseline activity levels have been reached. Pilot tests in several mouse models showed that deficits in memory savings can be observed with a 4-week interval between test sessions in mice with memory impairments (unpublished data).
Y-maze spontaneous alternation: Spontaneous alternation was tested during a single trial in a standard Y-maze made of clear acrylic tubing, as previously described (Reiserer et al. 2007 ). The maze had three identical arms 32 cm long, radiating symmetrically from the center of the maze. At the beginning of the trial the mouse was placed at the end of one of the arms, designated arm A, and prevented from escaping from the maze by means of a clear guillotine door. The number and sequence of arm entries made during a 5-min. session were recorded. Mice were required to enter an arm with all four paws in order for it to be counted as an entry. An experimenter scored the behavior from behind a screen using a remote video monitor. Alternations were defined as an entry into each arm within three consecutive arm choices (i.e. no repetitions, e.g. ABC or BAC). Percent alternation was calculated as the number of alternations divided by the number of total arm entries minus two.
Morris water maze: Hidden-platform testing was conducted in a 107-cm diam. pool with a circular acrylic platform (10 cm diam.) submerged 1 cm below the surface of the water, as previously described (Bernardo et al. 2007 ). Mice were given four acquisition trials per day for seven days in a spaced fashion, i.e., each mouse completed its first trial before the first mouse began its second trial. ITIs ranged from 10 to 15 minutes. The water maze was located in the centre of a room with distinct, visual cues fixed to the walls that were clearly visible from the pool. These extra-maze cues remained stationary throughout acquisition and probe test sessions. Sessions were captured by an overhead camera and analyzed in real time using an NIH Image macro on a Macintosh computer written specifically for the water maze task (Miyakawa et al. 2001a (Miyakawa et al. , 2001b . Latency and path length to reach the hidden platform were the variables of interest during task acquisition. Twenty-four hours following target acquisition a 60-s probe trial was conducted. The time spent in the target and non-target quadrants and the average distance from the platform location (search error) were the two primary dependent measures derived from the probe trial. Search error is a more sensitive measure of selective search on the probe trial than time in quadrant (Gallagher et al. 1993 , Bernardo et al. 2007 ). Swim speed and peripheral swimming were also assessed in the water maze, to determine whether differences in performance could be attributed to non-cognitive factors. Peripheral swimming was defined as the percentage of time the mouse spent within 8 cm of the wall of the pool.
Anxiety
Locomotor activity chambers: Anxiety levels can significantly confound cognitive tests if one group of animals differs systematically from another. Anxiety was first assessed using the locomotor activity chambers described above. Mice with higher anxiety tend to stay closer to the walls of the apparatus rather than in the open centre. The periphery was defined as the area within 3.6 cm of each of the side walls, and the centre area the remaining 20.8 × 20.8 cm square. Data from the first 10-min trial conducted in the apparatus were reanalyzed to calculate the percent of time that mice spent close to the periphery of the apparatus.
Elevated plus maze:
A standard elevated plus maze was used to assess anxiety via differential exploratory tendencies in enclosed versus open arms, as previously described (Reiserer et al. 2007 ). At the beginning of a session, mice were gently placed in one of the open arms facing the central area, and allowed to explore freely for 5 min. Sessions were recorded and analyzed using NIH Image software on a Macintosh computer, running a macro specially written to collect data about the mouse's position on the maze throughout the trial (Miyakawa et al. 2001a ). The time spent in closed arms was calculated as the percent of total time on arms, excluding time in the central area. The number of entries into arms and total distance traveled were also recorded.
Statistical analyses-All data were examined for gender differences. There were no main effects of gender, or Group × Gender interactions, and data were collapsed into treatment groups. Behavioral and neurochemical assays with single dependent variables (e.g. gait, horizontal beam task, spontaneous alternation) were analyzed using univariate ANOVA. Planned follow-up comparisons were conducted following significant omnibus ANOVA effects using Bonferroni LSD. To protect against a Type I error, follow-up tests were restricted to comparison of the groups of interest, i.e., the Gulo-sufficient vs. the Gulolow to assess the effects of ascorbic acid deficiency, and Gulo-sufficient vs. wild-type to verify that ascorbic acid supplementation "normalized" the Gulo−/− mice. When indicated by the data, post-hoc comparisons were also made between Gulo-low and wild-type mice using Bonferroni-corrected t-tests. All other behavioral data were analyzed using Group × Session repeated-measures ANOVA. Savings was measured as a percent change from baseline, the meaning of which differs depending on whether it is an increase or a decrease. Because this renders the data susceptible to skewing by a small number of subjects, analyses were conducted using log 10 -transformed data. Mice that recorded higher activity levels on the second locomotor activity session than the first were excluded from habituation analyses as this behavior suggests an abnormal habituation process that could skew the data (two Wild-type control, two Gulo-low). One wild-type mouse died following water maze training and tissue samples were not kept for analysis. Cortical samples with neuroprostane levels that lay three standard deviations above or below the group mean were excluded from analysis of oxidative stress to minimize risk of Type II error (one Gulo-low, one Gulosufficient and two wild-type control for cortex only).
Results
Body Weight
The weights of all Gulo−/− and wild-type mice increased with age as expected [F 3,150 = 149.53, P <.001]. Males were heavier than females [F 1, 50 = 138.19, P <.001] but there were no differences according to treatment group [F 2, 50 = .064, P <.94, data not shown].
Neurochemistry
Ascorbic acid levels were measured in liver, cortex, hippocampus, striatum and cerebellum [ Fig. 1a] . As expected there were clear differences in ascorbic acid levels among the three groups in all tissues assayed [Fs >5.97, Ps <.05]. Gulo-low mice had significantly lower ascorbic acid levels than Gulo-sufficient mice in all areas assayed (Ps <.05). Interestingly, Gulo-sufficient mice had higher levels of ascorbic acid than wild-type mice in liver and cerebellum (Ps <.05), but ascorbic acid levels in the cortex, hippocampus and striatum did not differ between the two groups.
Oxidative stress was assessed in the cortex and cerebellum of four to eight mice per group. As shown in Figure 1b , cortical neuroprostane levels differed significantly across the three groups [F 2, 18 = 5.83, P <.05]. Surprisingly, Gulo-sufficient mice had significantly increased oxidative stress compared to wild-type controls (P <.05). In fact cortical neuroprostane levels of Gulo-sufficient mice did not differ from those in the Gulo-low treatment group (P =1.0). In the cerebellum neuroprostane levels were also different among the groups [F 2, 9 = 8.65, P <.01]. As expected, oxidative stress was elevated in the Gulo-low group, relative to that of Gulo-sufficient mice (P <.05). Cerebellar neuroprostane levels in Gulo-sufficient mice were no different than those of wild-type controls (P =1.0).
Neurological and muscular function
On the hindpaw footprint assessment of gait, there were significant differences in stride length across the groups [ Fig. 2a ; F 2, 54 = 6.36, P <0.01]. Follow-up analyses showed that wild-type control mice had a longer gait than Gulo-sufficient mice (P <.05); the two Gulo−/ − groups did not differ (P >.66). A similar pattern of group differences was evident on the horizontal beam task [ Fig. 2b ; F 2, 54 = 8.18, P <0.001]. Follow-up tests confirmed that wildtype mice performed better than Gulo−/− mice on the sufficient (P <.05) supplementation regimen. Performance of the two Gulo−/− groups was similar in terms of overall score (P > 1.0); however qualitative differences in performance were evident that are not reflected in the numerical score. Specifically, Gulo-low mice were more likely than Gulo-sufficient mice to fall from the horizontal beam [χ 2 = 4.23, P < .05]. Fourteen of the 21 Gulo-low mice fell from the apparatus on at least one of the three trials, compared to only four of 13 for the Gulo-sufficient group. The incidence of falling among the Gulo-sufficient mice did not differ significantly from that of wild-type mice [3 of 21; χ 2 = 1.30, P = .25].
All mice improved across the three rotarod test sessions [ Fig. 2c ; F 2, 108 = 66.96, P <0.001], and all groups improved at similar rates across the three days of testing [Group X Session F 4, 108 = 1.41, P =.24]. However, there was a significant main effect of group [F 2, 54 = 15.29, P <0.001]. Follow-up analyses showed that performance of wild-type mice exceeded that of Gulo-sufficient mice (P <.05), and that Gulo-sufficient mice performed significantly better than the Gulo-low group (P <.05). A similar performance pattern was evident on the inverted-screen task [ Fig. 2d ; F 2, 54 = 5.23, P <.01]. However, the group differences were not significant on follow-up comparison. Because of the lack of group differences in the presence of large effect sizes, a post-hoc comparison was conducted between wild-type and Gulo-low mice. Wild-type mice were able to hang upside down on the on the wire mesh significantly longer than the Gulo-low treatment mice (P <.01).
Cognitive function
Despite impaired motor skills, Gulo−/− mice performed normally on all cognitive tests. All three groups made similar numbers of arm entries and alternated at equivalent rates in the Ymaze [ Fig. 3a; Fs 2 Figure 3b ]. Twenty-four hours following the final training session, a 60-s no-platform probe trial was administered to assess memory for the platform location. All groups showed a strong preference for the target quadrant, spending approximately 50 percent of the trial swimming in the vicinity of the former platform location [ Fig. 3c ; Wild-type F 3, 66 = 70.35, P<.001; Gulo-sufficient F 3, 36 = 94.40, P <.001; Gulo-low F 3, 60 = 79.64, P <.001]. Mean search error during the probe trial also did not differ across groups [ Fig. 3d ; F 2, 54 = 1.39, P =.26]. During the probe trial there were significant group differences in swim speed [Wild-type 18.1 ± .35 cm/s, Gulo-sufficient 16.8 ± .47, Gulo-low 16.4 ± .37; F 2, 54 = 5.72, P <.01]. Follow-up analyses showed that although wild-type mice swam faster than Gulo knockouts treated with sufficient amounts of ascorbic acid, this difference was not significant (P =.099). Swim speeds of the two Gulo−/− groups did not differ (P =1.0). Consistent with the deficits observed on the other sensorimotor tasks, Gulo-low mice swam significantly slower than wild-type controls (P<.01). Although we did not conduct a cued-platform version of the water-maze task, it is unlikely that the Gulo−/− mice had impaired vision given their excellent performance on the hidden-platform visuospatial version of the task.
Distance traveled in the locomotor activity chambers did not differ among groups during the first two sessions, indicating normal short-term habituation [F 2, 50 = 2.97, P =.06]. Poorer long-term memory for the context of the testing chamber is reflected in lower levels of habituation of activity 'saved' during the third compared to the second session. All three groups habituated at or above 100%, indicating a retained memory for the testing context and maximal habituation on the third session. Saved memory levels did not differ among the groups [ Fig. 3e ; F 2, 48 =2.37, P =.11].
Anxiety
All three groups of mice spent 65-70% of the time exploring the peripheral areas of the locomotor activity chambers [ Fig. 3f ; F 2, 54 = 1.50, P =.23], indicative of normal anxiety levels. There were also no group differences when anxiety was assessed in the elevated plus maze [Fig 3f; 
Discussion
Ascorbic acid treatments led to large differences in tissue levels between the two Gulo−/− groups, but not between ascorbic acid-sufficient and wild-type mice. Ascorbic acid levels were significantly lower in Gulo-low mice than Gulo-sufficient mice in every area assayed, whereas in the liver and cerebellum more ascorbic acid was detected in Gulo-sufficient mice than in wild-types. Wild-type ascorbic acid levels in brain and liver were similar to previously reported data in mice and rats (Maeda et al., 2000, Rice & Russo-Menna, 1998; Milby et al. 1982 ). Although 0.33 g/l ascorbic acid in the drinking water of Gulo −/− mice in the original studies of Maeda et al. resulted in plasma ascorbic acid concentrations that were about 60% of those in wild-type mice, our studies suggest that this level of supplementation is sufficient to match or exceed wild-type ascorbic acid levels in several brain areas and in liver. As expected, neuroprostane levels were elevated in Gulo-low mice in both cortex and cerebellum; however, they were also elevated in the cortex of the Gulosufficient group. Despite increased oxidative stress, cognitive abilities were completely normal in both groups of Gulo−/− mice. Instead, they exhibited widespread sensorimotor deficits that were worse in the mice maintained through adulthood on the low level of ascorbic acid.
Despite normal ascorbic acid levels in the cortex of Gulo-sufficient mice, both groups of knockout mice had significantly elevated cortical neuroprostane levels. There are three possible explanations for this. The first is that ascorbic acid acted as a pro-oxidant in the Gulo-sufficient group, although this is unlikely given the similar cortical ascorbic acid levels between wild-type and Gulo-sufficient mice. Nevertheless, ascorbic acid has been shown to have a pro-oxidant role in some conditions in vivo, especially in the presence of iron and other free transition metals (De Vriese , 2006) . Given the elevated ascorbic acid levels in the cerebellum and liver of Gulo-sufficient mice, this possibility cannot be excluded without further investigation. Second, defects in oxidant defenses could have been induced by the Gulo gene knockout beyond those due to simply preventing the synthesis of ascorbic acid. The Gulo enzyme is not known to play a part in any other biological pathway; nevertheless it is possible that as the capability to synthesize ascorbic acid was lost through evolutionary pathways, other antioxidant mechanisms adapted to compensate for this loss. Thus the Gulo−/− mice would be disadvantaged compared to wild-type mice despite the provision of high levels of ascorbic acid in drinking water. Third, oxidative stress and subsequent tissue damage resulting from continued lipid peroxidation may have occurred to pups at some time during fetal development due to inability of the Gulo homozygote dams to provide adequate ascorbic acid. In this case, the concentration of ascorbic acid that provided adult Gulo−/− mice with greater than or equal to wild-type ascorbic acid levels (0.33 g/l drinking water) may have been insufficient when given to pregnant dams to prevent oxidant stress in pups.
Despite elevated F 4 -neuroprostanes in the cortex, the Gulo−/− mice performed normally on the tests of cognitive function regardless of ascorbic acid supplementation regimen. Oxidative stress was not measured in the hippocampus; however, hippocampal and cortical ascorbic acid levels were similar in both Gulo groups, suggesting that F 4 -neuroprostane levels may have been elevated in the hippocampus as well. Nevertheless, spatial working memory in the Y-maze, spatial reference memory in the water maze, day-to-day habituation, and long-term memory for the testing context in the activity monitors were all equivalent among the three groups. This suggests that neither the increased oxidative stress observed nor the differences in brain ascorbic acid levels were determinants of cognitive function. Lipid peroxidation is thought to be an important determinant of cognitive abilities via damage to cell membranes, as this can lead to damage to membrane fluidity and impaired synaptic function (Hong et In contrast to the normal ascorbic acid and elevated neuroprostanes observed in the cortex of Gulo−/− mice, cerebellar ascorbic acid was significantly higher in the sufficient-treated knockouts, and cerebellar oxidative stress levels were normal. This suggests that in the brain, greater antioxidant levels are required to neutralize oxidative stress in mice lacking Gulo. Ironically, the sensorimotor tasks were conducted as controls, to ensure that the mice had the fundamental abilities required to complete the cognitive tests. Instead, both groups of Gulo−/− mice exhibited normal learning and memory but a distinct motor dysfunction on tasks involving strength and agility. Swim speed was also slower in Gulo−/− mice during the water maze probe trial when all mice had to swim for the full 60 s. These results were obtained despite equivalent body weights among the groups. The cerebellum mediates motor learning, and oxidative damage in the cerebellum is associated with motor deficits in aged and ethanol-exposed rats (Bickford et . Ascorbic acid levels in the striatum did not differ between Gulo-sufficient and control mice in the present study, and therefore cannot explain the motor abnormalities in these mice. However, the very low levels of ascorbic acid in the striatum and cerebellum of Gulo-low mice may have contributed to the behavioral impairments found in these mice. As with the elevated cortical neuroprostanes, it is also possible that the motor deficits in the Gulo−/− mice are the sequelae of a maternallymediated developmental ascorbic acid deficiency. In this case the deficits may reflect a Gulo −/− phenotype that is modest and exacerbated by ascorbic acid deficiency in the Gulo-low group, or more severe and partially ameliorated by ascorbic acid supplementation in the Gulo-sufficient group. Further study is required to determine which of these is the case.
Another possibility that must be considered is that the motor deficits are related to the abnormal cerebellar ascorbic acid levels in the Gulo−/− groups, independent of oxidative stress. Many biological systems work efficiently only under physiological conditions, and significant aberrations from the norm in either direction can result in dysfunction. It is not clear why ascorbic acid was elevated to such an extent in the Gulo-sufficient mice, when levels are normally under such tight homeostatic control. It may be the result of a heretofore unknown function of Gulo, or perhaps a property of the cerebellum to store up excess nutrients when available, or a high concentration of vitamin C transporters (SVCT2) compared to other brain areas (Mun et al. 2006 ). Oelrichs et al. (1988) reported transportermediated intracellular uptake of excess ascorbic acid in rat cerebellar tissue that increased linearly with the concentration in the medium. Meydani et al. (1986) reported a similar phenomenon with vitamin E in vivo. They showed that α-tocopherol levels were highest in cortical tissue, and lowest in cerebellum, in rats fed the minimal requirements of vitamin E. Supplementation with excess vitamin E significantly increased α-tocopherol in cerebellum only, resulting in levels higher than those in either cortex or hippocampus. Although different mechanisms mediate synthesis and metabolism of vitamins C and E, the pattern reported by Meydani et al. is identical to the one exhibited for ascorbic acid by the Gulosufficient group (Figure 1a) . Further research is needed to determine the precise reason for the increased cerebellar ascorbic acid in the Gulo-sufficient mice, but we must recognize the possibility that abnormal ascorbic acid levels may have contributed to the observed motor deficits. We must also consider the possibility that other abnormalities in this mutant mouse line contributed to their behavioral deficits. Maeda et al. (2000) reported high cholesterol and damaged aortic walls in Gulo−/− mice maintained under sub-optimal ascorbic acid supplementation. However, because the impairments reported here were detected in adequately-supplemented as well as low ascorbic acid-supplemented Gulo groups, and because the knockout mice were impaired on the low-physical-demand tasks (e.g. gait analysis) as well as the highly physically demanding tasks (e.g. water maze), it is unlikely that the cardiovascular phenotypes reported by Maeda et al. significantly affected performance of the Gulo−/− mice.
In contrast to our findings of elevated lipid peroxidation in the brains of Gulo −/− mice, Maeda et al. (2000) reported that malondialdehyde levels, a relatively non-specific marker of lipid peroxidation, were unchanged in the livers of Gulo−/− mice. Although this result may seem at odds with our finding of elevated F 4 -neuroprostanes in the brains of Gulo −/− mice, two points are relevant. First, the levels of polyunsaturated fats in the brain are higher than those in the liver (Artmann et al., 2008 , Suarez et al. 1996 , which might make the brain more susceptible to free radical-initiated lipid peroxidation than the liver. Second, F 4 -neuroprostanes are a specific and highly sensitive marker for oxidative damage to lipids in the brain (Montuschi et al. 2007 ) and thus may reveal differences not apparent in the data reported by Maeda et al.
We have shown that Gulo−/− mice exhibit impaired motor function and increased oxidative stress, even when ascorbic acid levels are equivalent to those of wild-type controls. Despite elevated oxidative stress, cognition was normal in both Gulo−/− groups. Brain ascorbic acid levels are high during normal human gestation, especially during the final trimester, and are thought to reflect the importance of the vitamin during brain development (Zalani et al. 1989, Kratzing and Kelly, 1982) . Our data also suggest an important role for ascorbic acid in fetal development, but one that is not yet understood. Indeed, our results indicate that ascorbic acid may play a greater role in development than has previously been thought, and deficiency may induce permanent behavioral impairments that are not reversible by dietary supplementation. (a) The low (0.033g/l) dose of ascorbic acid was enough for Gulo-low mice to maintain wild-type levels in liver but not in brain. Greater ascorbic acid supplementation (0.33g/l) in the Gulo-sufficient group resulted in higher levels of ascorbic acid than wild-type mice in liver and cerebellum. Gulo-sufficient mice had significantly higher ascorbic acid levels than Gulo-low mice in all areas assayed. (b) F 4 -Neuroprostanes were elevated in the cortex in both groups of Gulo knockouts despite high ascorbic acid levels in the Gulo-sufficient group. In the cerebellum only Gulo-low mice had elevated neuroprostane levels. Bars represent group mean ± S.E.M. Group differences are depicted as follows: Gulo-low or wild-type control from Gulo-sufficient * P <.05, ** P <.01, *** P <.001. Gulo-sufficient mice had (a) a shorter stride length than wild-type control mice and (b) exhibited poorer grip strength on the horizontal beam, but did not differ from Gulo-low mice on these tasks. Impaired agility in the Gulo-sufficient group compared to wild-type mice was seen on the (c) rotarod and (d) inverted screen tasks. These deficits were exacerbated by subsistence levels of ascorbic acid supplementation in the Gulo-low group. Data shown are group means ± S.E.M. Group differences are depicted as follows: Gulo-low or wild-type control from Gulo-sufficient * P <.05, Gulo-low from wild-type control mice ++ P <.01.
